The top quark physics has entered the precision era. The CDF and D0 collaborations are finalizing their legacy results of the properties of the top quark after the shutdown of the Fermilab Tevatron three years ago. The ATLAS and CMS collaborations have been publishing results from the LHC Run I with 7 TeV and 8 TeV proton-proton collisions, with many more forthcoming. We present a selection of recent results produced by the Tevatron and LHC experiments.
Introduction
The top quark was first observed at the Fermilab Tevatron in 1995. Because the lifetime of the top quark is much shorter than the hadronization time, it provides a unique opportunity to study a "bare" quark. Due to its large mass, the top quark may play a special role in understanding electroweak supersymmetry breaking.
The top quarks can be produced via both strong interactions and electroweak interactions at the Tevatron and the LHC. The strong production of the top quarks is in the form of tt pair production, with the quark anti-quark annihilation process dominating at the Tevatron and the gluon-gluon fusion process dominating at the LHC. The electroweak production of the top quarks is in the form of single top production. The t-channel diagram dominates at both the Tevatron and the LHC, while the contributions from the s-channel at the LHC and the tW -channel at the Tevatron are expected to be small. This report summarizes a selection of recent results of the top quark properties reported by the CDF [1] and D0 [2] collaborations at the Tevatron experiment and the ATLAS [3] and CMS [4] collaborations at the LHC experiment, including measurements of the top quark mass, the mass differences between the top quark and the top antiquark, the forward-backward asymmetry at the Tevatron and the charge asymmetry at the LHC, the top spin correlations, the extraction of |V tb |, and the top rare decays with flavor-changing neutral currents (FCNCs).
Top quark mass
The mass of the top quark is an important parameter of the standard model (SM). It is a critical input for electroweak physics, and strongly related to vacuum stability.
The first world combination of the top quark mass was published in March 2014 [5] . There are 17 measurements included in this combination, each of which are the most precise measurements in each channel in each experiment. All the included measurements are based on direct tt event reconstruction, and are all calibrated to the mass definition used in Monte-Carlo (MC) generators. The uncertainty on the translation from this MC mass definition to a theoretically well defined mass is estimated to be on the order of 1 GeV [6] . The combination yields a result of m top = 173.34 ± 0.76 GeV, with a relative uncertainty of 0.44%, as shown in Fig. 1 .
There are several updated measurements of the top quark mass after the first world combination, which are summarized in Fig. 2 . The measurement in the lepton+jets channel from the D0 collaboration [7] features the most precise single measurement to date. The Tevatron combination [8] gives the smallest total uncertainty, with a result of m top = 174.34±0.64 GeV and relative uncertainty of 0.37%. The consistency among measurements is under study. Alternative methods that do not involve direct tt event reconstruction have been developed at the Tevatron experiments and applied to measure the top quark mass by the LHC experiments with the results shown in Fig. 2 . Since the lifetime of the Bhadrons is proportional to the top quark mass, the distance between the primary and the secondary vertices of a bottom jet has an approximately linear relation with the top quark mass [10] , which allows for a measurement. Similarly, the m T2 variable, or the "stransverse mass" [9] , can be defined in events with two undetected particles, and as this variable has the property of establishing a lower bound on the parent particle's mass, which is the top quark mass in this case, a measurement can be made with it [11] . The endpoint determinations in certain kinematic distributions are determined by the top quark mass, thus a measurement of the top quark can be based on these endpoints [12] . Finally, the top quark mass can be extracted from the results of the top quark pair production cross section (σ tt ), where the mass extracted from these measurements is the pole mass, rather than the MC-defined top quark mass. Note that while the alternative methods have the advantage that the uncertainties are less correlated with the measurements based on full tt reconstruction, none are as precise as the direct measurements. 
Mass difference between the top quark and the top antiquark
The mass difference between the top quark and the top antiquark (∆m = m t − mt) is predicted to be consistent with zero in the scenario of CPT conservation. Table 1 [15] [16] [17] [18] [19] [20] are summarized in Fig. 3 , comparing with the NLO SM calculation in Ref. [14] . The results from the CDF collaboration show tension with the NLO SM prediction, with the results from D0 collaboration consistent with both the results from the CDF collaboration and the NLO SM calculations. Note that all results are higher than the NLO SM calculations quoted.
A preliminary calculation of QCD at the next-to-next-to-leading order (NNLO) with LO electroweak corrections suggests A tt FB ∼ 0.10 [21] . If this holds up, it means that the tension between the results from the CDF experiment and the predictions is no longer significant, and suggests that the QCD calculation at NNLO is needed for predictions for the kinematic distributions of the top quarks.
Both the CDF and D0 collaborations reported the differential A The LHC experiment has followed up on this issue by measuring A C . At the LHC, due to the proton-proton initial state, there is no predefined forward direction. Since there are both valance and sea quarks and only sea antiquarks in protons, the top
The results of A FB from the CDF and D0 collaborations, comparing with the NLO SM calculations.
[GeV] quark rapidity distribution is expected to be broader than the top antiquark rapidity distribution, causing an effect characterized as A C . Since the gluon fusion production mode dominates at the LHC, the A C is predicted to be even smaller. Measurements of both the inclusive [22] ( Table 2 ) and differential [23] [24] [25] asymmetries are made at the LHC with both 7 TeV and 8 TeV data. All results show agreement with the standard model predictions. We note that A FB at the Tevatron and A C at the LHC can be related only in a model-dependent way.
Spin correlation
The spins of the top quark and the top antiquark in the top pair production are predicted to be correlated in the standard model, while it can be altered in new physics scenarios. Measurements have been done both at the Tevatron and at the LHC for the spin correlation of the top quark pairs. Three measurement methodologies can be applied in determining the spin correlation coefficients. One methodology is based on the azimuthal angles of the charged leptons from top quark decays [30] . The second methodology can be applied with the reconstruction of the top quark and antiquark momenta, with templates of the cosine of the lepton and bottom quark production angles in different spin correlation scenarios [27] . The third methodology is based on matrix element technique [28] . The recent results of the top spin correlation measurements [27, 28] from the Tevatron experiment are summarized in Table 3 , together with the SM prediction [29] . Different methodologies were applied in measurements at the LHC [30, 31] and are summarized in Fig. 5 
|V tb | extractions
The element |V tb | of the Cabibbo-Kobayashi-Maskawa (CKM) matrix is an important parameter of the SM. The value of |V tb | can be extracted both from measurements of the single top production cross section, assuming |V tb | ≫ |V td | and |V ts |, and from measurements of the branching ratio of t → W b, assuming in addition that the CKM matrix is a 3x3 unitary matrix. 
Search for flavor-changing neutral currents
Processes involving flavor-changing neutral currents (FCNC) are heavily suppressed in the SM and result in the small branching ratios of the top rare decay modes. Potential enhancements of FCNC processes are possible in the presence of physics beyond the standard model [53] . The limits on branching ratios of the top rare decay modes can be directly measured in tt channels as well as extracted from FCNC couplings at the production vertex involving single top production. Table 5 summarizes the recent limits on the branching ratios of top rare decays [47] [48] [49] [50] [51] [52] , comparing with the SM predictions and benchmark predictions from physics beyond the SM. The results are approaching the sensitivity to some plausible new physics models. Table 5 : Summary of recent limits on the branching ratios of top rare decays, compared with the SM predictions and benchmark predictions from physics beyond the SM.
Conclusions
The large mass and the short lifetime of the top quark makes it a fascinating particle with properties need to be further understood. A lot of measurements of the top quark production and properties have been done at both the Tevatron and the LHC. Top physics has entered the precision era, with some analyses already reaching the point where more precise QCD calculations are essential. Both CDF and D0 are finalizing their legacy results on top physics. More results are expected from LHC Run I data, with LHC Run II right around the corner.
